In this letter, we report the successful growth of high-quality Aurivillius oxide thin films with m = 8 (m denotes the period of the Aurivillius structure) using pulsed laser deposition. Both ferroelectric and magnetic properties of the layer-structure epitaxial Bi9Ti3Fe5O27 films were investigated. Surprisingly, the optimized thin films exhibit in-plane ferroelectric polarization switching as well as ferromagnetism even at room temperature, though the bulk material is antiferromagnetic. In addition, dielectric measurements indicate that such thin films exhibit potential for high-frequency device applications. This work therefore demonstrates a new pathway to developing single-phase multiferroic materials where ferroelectricity and ferromagnetism coexist with great potential for low energy device applications.
Introduction
There has been a long-standing challenge in the fabrication of epitaxial thin films of layered Aurivillius oxides due to their thermodynamic phase-instability and the large stacking layer number. 1 However, the demand for high-quality thin films has been strongly increased by their promising room-temperature multiferroic properties. 2 Single-phase multiferroic thin films are favorable for device applications because of their potential for realizing cross-control between ferroelectric and ferromagnetic orders in low energy and highly integrated devices. 3, 4 The Bi4Ti3O12-BiFeO3 system is known to contain a series of compounds with the general formula Bim+1Fem-3Ti3O3m+3. [5] [6] [7] These compounds possess layered perovskite-like structures, first described by Aurivillius, in which fluorite-like bismuth-oxygen layers of composition {(Bi2O2) 2+ } alternate with (001) perovskite-like slabs of composition {( Bim+1Fem-3Ti3O3m+1) 2- }. 8 Fractional m values correspond to mixed-layer structures, which contain perovskite-like slabs of different thicknesses.
The compound Bi9Ti3Fe5O27 (BTFO) has eight perovskite layers between the Bi2O2 layers.
The scientific and practical application value of BTFO arises from its multiferroic propertiesnamely ferroelectric and antiferromagnetic -which are simultaneously exhibited in bulk. 9 The antiferromagnetic Neel temperature TN of bulk BTFO has not been precisely determined. Instead, the value of TN is estimated to be as high as 360 K, above which the compound transitions to a paramagnetic state. 10 Coherent intergrowths of structural elements rather similar to tertragonaltungesten-bronze-type were observed and these sometimes appeared to be relics of the super-lattice phase.
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The vast majority of previous studies have mainly focused on bulk BTFO compounds. 9, 11, 12 Until now, very little work has been done on BTFO thin films, due to the difficulty in fabricating high-quality epitaxial single-crystalline thin films. The layered structures and complicated compositions have posed significant challenges to film growth. In the similar Ruddlesden-Popper series, theoretical calculations have shown that the thermal-equilibrium energies of various phases with different numbers of layers approach a constant value when m is larger than 3, 13 which causes experimentally observed intergrowths during the synthesis of bulk compounds. 14, 15 Similar phenomena have occurred during the synthesis of bulk Aurivillius compounds as well. 15, 16 To achieve high-quality single-crystalline films in this work, we employed pulsed laser deposition, which can be a superior method for growing highly epitaxial complex oxides that are unstable in bulk. In this work, c-axis-oriented BTFO epitaxial thin films were successfully fabricated with uniform m = 8 Aurivillius structures by optimizing growth parameters, namely the growth temperature and oxygen pressure. More importantly, lattice-matched substrates were chosen to achieve strained and high-quality epitaxial films, which are crucial for stabilizing a novel ferromagnetic phase in our thin films.
Experimental
BTFO thin films and SrRuO3(SRO)/BTFO heterostructures were grown on TiO2-terminated SrTiO3 (STO) (001) substrates using pulsed laser deposition with a KrF excimer laser ( =248 nm).
All substrates had a vicinal angle of ~0. The film structure was studied by high-resolution X-ray diffraction (HRXRD) (PANalytical, X'Pert PRO) and scanning transmission electron microscopy (STEM). Film morphology and ferroelectric domain structure were investigated using atomic (AFM) and piezoelectric force microscopy (PFM) (Bruker, Dimension Icon & Multimode 8) with commercially available TiPtcoated Si tips (Mikro Masch) with a tip curvature radius of ~30 nm. All the AFM and PFM tests were carried out at room temperature. A superconducting quantum interference device (SQUID) (Quantum Design) was used to examine the magnetic properties of the films with the magnetic field applied parallel to the thin film plane. Dielectric and electrical characterization was performed using an E4980 LCR meter (Agilent) and 6517B electrometer (Keithley/Tektronix). (Figure 1(d) ) was of the order of the pseudocubic unit cell (RMS = 0.136nm), and the terraces due to the < 0.5 o miscut of the STO substrate were clearly seen at the surface of the film. The Xray reciprocal space mapping was employed to determine the strain state of the as-grown films.
Results and Discussion
The BTFO films and the SRO bottom layer are found to be coherently strained to the STO substrate, as shown in highlights the existence of spin frustration in the ferromagnetic system. Upon cooling under a magnetic field, the spin frustration is, to some extent, suppressed, while ferromagnetic domains grow and increasingly interact with one another. As a consequence, the FC magnetization is larger than the ZFC magnetization. In addition, magnetic properties of strongly correlated systems are rather sensitive to spin arrangements 23, 24 and the repeatable anomaly in the M-T curves around 250K may imply a spin re-orientation in BFTO films.
The electrical and dielectric properties of BTFO films were also investigated. Symmetric circular capacitor structures with diameters ranging from 5 to 40 m were fabricated by ex situ deposition of 80 nm thick SRO top electrodes defined using a MgO hard-mask process, as shown in the inset of Figure 5 (a). 25, 26 As shown in Figure 5(a) , the current-voltage curves are highly symmetric and exhibit very low leakage current. 
Conclusion
In summary, we have successfully fabricated high-quality epitaxial BTFO films (m = 8) on STO (001) substrates using pulsed laser deposition. HRXRD and HRTEM measurements confirm that the films exhibit a uniform m = 8 layered structure and are coherently-strained to the STO (001) substrate even with a SRO bottom electrode layer. The clear in-plane ferroelectric domain switching with robust ferromagnetism at room temperature illustrate that this material is a new type of single-phase room-temperature multiferroic with coexistence of ferroelectricity and ferromagnetism. This work therefore provides an attractive path of using epitaxial strain to realizing highly-desirable ferroelectric-ferromagnetic thin films for low energy multiferroic device applications.
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